The low-lying electron states in Mott-Hubbard insulators are quite well described using a self-consistent Born approximation in terms of spin-wave exchanges. This approach has been tested mainly in the context of the simplest (t-J) models. Here we present an extension to spin-fermion models, derived for realistic multiband models for the valence electrons in cuprate planes. The spectral functions show strong momentum dependences also at large energies, mimicking bandlike oxygen holes. In addition, a low-energy quasiparticle sector is found which can be interpreted in terms of propagating Zhang-Rice singlets. The quasiparticle dispersion is close to the one obtained with angular resolved photoemission in an insulating cuprate.
I. INTRODUCTION
The discovery of the high-T c superconductors 1 stimulated a large theoretical and experimental effort, but a full understanding of the electronic structure of high-temperature superconducting oxides ͑HTSO's͒ has not been reached so far. These compounds do not resemble the conventional superconductors and it is a generally accepted view that the detailed exploration of their normal-state properties is essential to the explanation of the high-temperature superconductivity. It is well known that band-structure calculations based on the local-spin-density approximation ͑LSDA͒ do not explain the large gaps observed in the angle-resolved ͑inverse͒ photoemission ͓AR͑I͒PES͔ experiments in transition-metal oxides ͑TMO's͒. 2 The large gaps in the 3d oxides as found by ͑in-verse͒ photoemission experiments are at best underestimated by an order of magnitude, while in other cases LSDA even predicts metals. 3 Furthermore, the ground states of the parent compounds of HTSO's, La 2 CuO 4 , and YBa 2 Cu 3 O 6 , are characterized by antiferromagnetic ͑AF͒ long-range order, 4 which is not reproduced by the band-structure calculations. 5 This demonstrates that electron correlations dominate in these systems.
The t-J model has been derived from the multiband Hubbard model for HTSO's, [6] [7] [8] and one might believe that it provides the simplest approximation to the low-energy electronic states of strongly correlated TMO's and HTSO's. Compared to the ARPES experiments in HTSO's, 9 ,10 not enough intensity is found in the single-hole spectral function of the t-J model at high energies. Instead, this spectral function is characterized by a single quasiparticle ͑QP͒ state at low energies, showing a small dispersion, while at higher energies one only finds a featureless incoherent background according to exact diagonalization studies. 11 Remarkably, this structure of the single-hole spectral function is accurately reproduced by an analytic approach 12, 13 which starts from the powerful formalism of polaron theory, 14, 15 and solves the problem in a self-consistent Born approximation ͑SCBA͒ introduced by Schmitt-Rink, Varma, and Ruckenstein.
14, 15 Although originally devised as an asymptotic theory becoming correct only at low energies, it turns out to yield a quantitative description of the whole spectral function, including its behavior at large energies.
The t-J model is only capable of describing the lowenergy states. It is possible to catch a much larger fraction of the valence electrons without loosing the simplifications coming from spin-only physics: the spin-fermion models. 7, 16 If the interest is in the oxygenlike valence band, the 3d degrees of freedom can be integrated out perturbatively as long as the upper ͑UHB͒ and lower ͑LHB͒ Hubbard bands are at high enough energy. What remains are O 2 p holes, scattering against the 3d spin system. This condition is reasonably well satisfied in the cuprates, and this spin-fermion approach should therefore yield a realistic picture of the whole 2 p-like valence-band region. In the single-hole case, the collective excitations originate entirely in the spin system and the SCBA approach can be directly applied. This allows for a theoretical study of the whole valence band at binding energies less than Ӎ8 eV. We will show that in this AF background quantum effects dominate, determining the energy scale for the coherent QP motion. Such QP states are well known from the t-J model, 2 where they were first recognized theoretically, 17 and then confirmed in exact diagonalization studies. 11, [18] [19] [20] We show below that the QP states with small dispersions, found near the Fermi level, can be even quantitatively compared with recent photoemission results. 9, 21 So far, these QP states have been studied in the charge-transfer ͑CT͒ model only in the U→ϱ limit. 22 We explored the SCBA before in the well documented context of NiO, where we obtained a quite appealing picture for the valence-band electronic structure. 23 Here we will focus on the perovskite planes of the cuprate superconductors.
Because the spin is smaller in the cuprates (Sϭ1/2) than in the nickelates (Sϭ1), the theory is, in principle, less well controlled but this does not seem to be an issue in light of the successes in the t-J context. In other regards, the cuprates are a better testing ground: ͑i͒ the planes are two dimensional and both the theory as the interpretation of the experiments become easier than for the three-dimensional NiO. ͑ii͒ Cuprates conform better to the charge-transfer limit than the nickelates, where the lower Hubbard band and the oxygen band nearly overlap. The spin-fermion model is therefore more realistic for the cuprate. ͑iii͒ The microscopy of the cuprates is better documented than that of the nickelates.
In Sec. II we will formulate a realistic multiband Hubbard model which takes into account all 3d and 2p states playing a role in planar directions. Assuming that the d 10 upper and d 8 lower band can be integrated out, we derive a spinfermion model for the planar oxygen states, which includes the effects of the multiplet splittings of the LHB. Finally, the SCBA equations are derived for the self-energies and Green's functions, which are now in a matrix form because of the eight differently ''flavored'' oxygen states in the problem. A complete spin-fermion model contains two oxygen bands of and two of symmetry which split in addition due to the scattering against the static Néel order.
In order to keep the numerical efforts on the tractable level, we have solved three simplified cases. First, we neglect the AF splitting of the oxygen orbitals in Sec. III, and consider there: ͑i͒ the two-band model which contains only O p orbitals, and ͑ii͒ a four-band model with O(2p ) and O (2p ) orbitals. Second, we treat in Sec. IV ͑iii͒ the two-band model of Sec. III including the AF splittings of the oxygen states. We will show that the quasiparticles with low dispersion are obtained in all cases, and will argue that the model which treats only the O p orbitals suffices to explain the QP states at low energy observed in the ARPES experiments of Wells et al. in the insulator Sr 2 CuO 2 Cl 2 .
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II. THE SPIN-FERMION MODEL
The simplest realistic model which describes the holes within the CuO 2 planes of HTSO's is the three-band model including Cu(3d x 2 Ϫy 2) and O(2 p ) orbitals. 24 Shortly after the discovery of the HTSO it was established that the system is strongly correlated, 25 and the electronic structure cannot be described in terms of conventional band-structure theory. These strong correlations result from the weak Cu-O hybridization as compared with the Coulomb repulsive energy at Cu sites, U, and the CT energy, ⌬. In this strong-coupling limit one can formulate effective Hamiltonians of the spinfermion variety: at energies less than U or UϪ⌬, the d electrons act as spins, and the oxygen holes interact with these Cu spins via Kondo interactions. 7, 16 Neglecting interoxygen hoppings, one finds the oxygen states of local b 1 symmetry to couple strongly to the 3d x 2 Ϫy 2 orbitals, giving rise to the formation of Zhang-Rice singlets under doping, 6 while the states of a 1 symmetry do not hybridize with the holes on the Cu sites.
However, it is clear that a picture which results from the three-band model is seriously oversimplified. While it might give a qualitatively correct description of low-lying states, it cannot describe correctly the photoemission spectrum. The reason is that several 3d 8 excited states are in the same energetic regime for realistic parameters of CuO 2 planes, [26] [27] [28] and only 1 E 1 3d 8 state has been included in the three-band model. 29 This motivated us to derive a more complete and realistic spin-fermion model for the CuO 2 planes starting from a tight-binding model which includes all orbital degrees of freedom in the planar directions. This corresponds with seven orbitals per unit cell: three copper orbitals, 3d x 2 Ϫy 2( d x ), 3d z 2 Ϫ1 (d z ), and 3d xy (d xy ), and two orbitals at each oxygen ion, 2 p and 2 p . The holes interact by local Coulomb interactions at Cu sites. 24 In the strong-coupling limit we start from the localized ground state of the insulators, characterized by Cu 3d 9 (x 2 Ϫy 2 ) and O 2p 6 configurations, and described in terms of a Sϭ1/2 Heisenberg quantum antiferromagnet.
After doping by one hole we consider the multiband charge-transfer model in the limit of weak hybridization. The ground-state manifold consists of the singly occupied copper ions and the doped holes within the oxygen orbitals. The transitions to the excited states, as caused by hybridization, lead to effective interactions between either a 2 p or a 2 p doped hole, and the 3d x 2 Ϫy 2 holes of the AF background. We shall use the same generic picture as in the case of the three-band model, where these excited states belong to two Hubbard subbands: LHB and UHB. 30 The excited states which contribute to the LHB are ͑i͒ high-spin 3 In addition to the spin-fermion Kondo interaction Eq. ͑2.5͒, one finds as well the effective three-site hopping of the oxygen holes,
͑2.12͒
with the effective hopping terms determined by a two-step hopping via the Cu sites
via 3d x 2 Ϫy 2 and 3d z 2 orbitals, and
via 3d xy states. The sites m and n in Eq. ͑2.12͒ are the nearest-neighbor oxygen sites of the same Cu ion, and for this reason the three-site hopping couples as well the two oxygen orbitals along the x (y) direction, unlike H h 0
In the Néel state, as defined by Eq. ͑2.10͒, the Ising part of the Kondo interaction reduces to additional hoppings, which represent the scattering of the holes against the static Néel order parameter. These terms will cause AF splittings of the oxygen bands. Because the oxygen states living on the A and B sublattices become inequivalent, the number of oxygen bands doubles to eight and the calculations become much more tedious. Although these splittings are certainly not unimportant, they are not expected to change the picture completely and we will proceed with neglecting these splittings in first instance. It will be found that the states of and symmetry are relatively weakly coupled and in Sec. IV we will consider the important sector, including the effects of the hole scattering against the static order. 
͑2.16͒
where, H h 0 is the free hole hopping, 
͑2.19͒
Because the and orbitals become independent in this case, ͓H h J ͔ is given by a block diagonal form which we write as a simple product
where the relevant parts of the 4ϫ4 matrices are of the form,
͑2.20͒
and,
Thus, we find that the mixing between and states within CuO 2 planes is only due to t pp Ј hoppings, quite different from the similar spin-fermion model for NiO, where the three-site terms also contribute to the hopping between the oxygen orbitals of different symmetry. 23 In the linear spin-wave ͑LSW͒ approximation one finds the magnon dispersion to be given by the standard expression for a two-dimensional ͑2D͒ Heisenberg antiferromagnet,
Performing Fourier,
and Bogoliubov transformations,
with ␥ q ϭ1/z ͚ ␦ e iq␦ ͑with zϭ4 in the 2D case͒, and neglecting an irrelevant constant one finds after somewhat lengthy but straightforward calculations the following Hamiltonian in LSW order:
with sϭ1 (Ϫ1) for the spin ↑ (↓), respectively. (k) with ϭ1, . . . ,4, stands for the four oxygen subbands
obtained before from the diagonalization ͑with the help of a matrix V ,k ) of interoxygen hopping terms, H h 0 ϩH h J . Unlike in the t-J model, 15 the spinless fermion describing the charge of the Cu holes is absent in the final Hamiltonian Equation ͑2.25͒ because the transition-metal spins are localized and the oxygen holes can be described as normal fermions, interacting with the magnons. The hole-magnon bare vertex found in the LSW-SCBA, M (k,q), depends on the coefficients of the Bogoliubov transformations for fermions, ͕V ,k ͖, and for bosons, ͕u q , v q ͖,
. The functions F (k,q), determining the vertex M (k,q), are obtained by evaluating the second-order terms which originate in the hybridization between the 2 p () and 3d states of e g (d x 2 Ϫy 2, d 3z 2 Ϫ1 ) and t 2g (d xy ) symmetry, respectively. Similarly to ͓H h J ͔, the functions F (k,q) have independent parts for and orbitals with the following nonzero elements:
͑2.28͒
, and F 34 (k,q), respectively, using the symmetry (x,y)⇔(y,x). As in the case of NiO, 23 we have determined the hole self-energy self-consistently in SCBA by iterating the Green functions
with the hole self-energy obtained from the bare vertex and the self-consistently dressed Green function
͑2.30͒
This approximation has been shown to be surprisingly accurate for the t-J model, 12 and has been used by us as well for systems with larger spins, Sϭ1 ͑Ref. 23͒ and Sϭ3/2.
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All the calculations were performed on a 16ϫ16 lattice with torroidal boundary conditions. We present below the single-hole spectral functions (ϭ1, . . . ,4), obtained from such a procedure:
neglecting ⌺ (k,) and G (k,) for as they contribute only to higher-order diagrams.
The spin-fermion model Eq. ͑2.25͒ contains four oxygen bands, and will be called below a four-band model. To avoid some of the numerical complexity of SCBA, we have studied as well a simplified model which includes only the oxygen p orbitals. In this case one finds only the spectral functions A (k,) of e g -like symmetry. Although x 2 Ϫy 2 and 3z 2 Ϫ1 are coupled by the vertex function M (k,q), the resulting spectral functions have mostly either d x 2 Ϫy 2 or d z 2 character. Thus, we will use these labels below in discussing the numerical results. Finally, we will consider this '' only'' model including the antiferromagnetic splittings in Sec. IV.
Knowing the Green function, it is instructive to obtain the wave function which in our model has the following form: 32, 33 
͑2.32͒
with the momentum, k i ϭkϪq 1 Ϫ . . . Ϫq i , and
… is the QP energy, and W k,i QP is the QP spectral weight given by
In the present model there are several oxygen bands and this leads to a more complex form of the norm
͑2.34͒
III. NUMERICAL RESULTS FOR THE TWO-BAND AND FOUR-BAND SPIN-FERMION MODEL
Before studying the complete hole-magnon Hamiltonian Eq. ͑2.25͒ derived in Sec. II, we shall present the results obtained with the simplified spin-fermion model, which is derived from the four-band model 34 for the CuO 2 plane, and deals only with the two -type oxygen hole bands, dressed by hole-magnon couplings of e g symmetry. Such a two-band spin-fermion model is expected to reproduce already some essential features seen in photoemission, because the coupling with the sector is relatively weak, and has the advantage of being more transparent than the full model Eq. ͑2.25͒ which involves the states as well.
Realistic parameters for CuO 2 planes have been obtained by several authors. [26] [27] [28] These have been either extracted from the LDA band-structure calculations mapped on the energy surface of the tight-binding model with local electron-electron interactions, 26, 27, [35] [36] [37] or deduced from photoemission experiments. 28, 38, 39 Here we use the multiplet structure of the 3d 8 configuration and the hopping integrals as given by Eskes, Sawatzky, and Feiner. 28 This choice of parameters is motivated by the complete characterization of the multiplet structure by the Racah parameters in Ref. 28 . The latter parameter set was supplemented by the crystalfield splitting between the 3d x 2 Ϫy 2 and 3d 3z 2 Ϫ1 states, as given by Grant and McMahan. 27 In order to facilitate comparisons with the experimental data, we have used the electronic notation in all the numerical results. The hopping parameters are:
27 t pp ϭ0.65 eV for the hopping between nearest 2 p or 2p orbitals, t pp Ј ϭ0.35 eV for the hopping between nearest 2 p and 2p orbitals, and t x ϭ1.5 eV, t z ϭ0.5 eV for the hybridization elements between 2p and 3d x 2 Ϫy 2, 3d 3z 2 Ϫ1 orbitals, respectively. The CT energy between 2 p and 3d x 2 Ϫy 2 is ⌬ ϭ x Ϫ ϭ3.5 eV, while ⌬ xz ϭ x Ϫ z ϭ0.6 eV is the crystal-field splitting between 3d x 2 Ϫy 2 and 3d z 2 states. The value of the superexchange interaction J, has been found to be Jϳ0.07Ϫ0.15 eV by Raman scattering and neutron-scattering experiments. 40 In the present model we assume Jϭ0.15 eV which is an accepted value in the literature. 28 We note that the one-particle elements ͑hopping integrals and CT energy͒ are the same as in the sets determined from the localdensity approximation ͑LDA͒ calculations, 26, 27 while the Coulomb interactions are somewhat weaker. Thus, we overestimate here the strength of the Kondo coupling both by taking only the second-order expressions for the exchange interactions, and by accepting the lower limit for the U's.
Nevertheless, we are still in the range of applicability of the perturbation theory.
Before we address the results obtained for the spectral functions, let us analyze the behavior of the hole-magnon coupling in momentum space. As in the case of NiO, 23 this coupling vanishes at the ⌫ point, increases both in the ⌫ϪM and in ⌫ϪX directions, and is at maximum at the M point ͓see Eqs. ͑2.28͔͒. These symmetry-derived properties are also reproduced by the band structure as follows from the tight-binding model neglecting the hole-magnon couplings ͑see Fig. 1͒ . The free oxygen bands are only slightly changed by H h J corrections, with an additional splitting ⌬EӍ0.3 eV, increasing from ⌫ towards the M point.
The full spectral functions A (k,) (ϭ1,2) are presented in Fig. 2 . Because the hole-magnon coupling vanishes, one finds at the ⌫ point a ͑doubly degenerate͒ ␦-function-like peak. Going away from the ⌫ point towards the X point, the spectral functions become broader, while a bound state becomes visible at the threshold of the spectral functions, in both channels. This bound state carries, however, only little weight, while most of the spectrum is concentrated in the broad region at high energy, with the z 2 symmetry following more closely the one-particle dispersion of the oxygen states ͑see Fig. 1͒ . In the latter case the Kondo interaction is much weaker and therefore the corrections to the one-particle picture are much less than in the is shown in Fig. 3 . Both the QP ͑at the threshold of the spectra͒ and the antibound states ͑with the maximum ϳϪ6.5 eV͒ come from the upper (d x 2 Ϫy 2) oxygen band ͑see Fig. 3͒ , while the states couple much weaker to magnons and plays thus a minor role in the formation of the propagating states. The total spectral weight of the propagating states at low energies does not exceed 10%. One can also distinguish a strong peak in both spectra ͑at ϳϪ3.5 eV͒-this is nothing else than the van Hove singularity of the independent electron bands which survive the hole-magnon scattering because this interaction vanishes at the ⌫ point.
It is interesting to compare the behavior of ⌺ (k,) for different points in the Brillouin zone ͑BZ͒. At the M point ͑where the QP peak is the strongest͒ both the real and the imaginary parts of ⌺ (k,) ͑2.30͒ are rather smooth functions of with only a small discontinuity at the QP state ͓Figs. 4͑a͒ and 4͑b͔͒. On the other hand, at the X point ͑with the very weak QP peak͒ ⌺ (k,) has many well visible oscillations in a narrow energy range ͓see Figs. 4͑c͒ and 4͑d͔͒. Such a big difference in the behavior of the self-energy is caused by the fact that the propagating states are build up near the M point not far from the pure oxygen states ͑see the upper band on Fig. 1͒ , whereas at the X point the energy of the upper oxygen band is ϳϪ3.5 eV and the self-energy has to develop such strong oscillations in order to form the QP states at ϳ4 eV above the free states.
Let us turn back to the low-energy bound states. Their nature is similar to that found previously in NiO ͑Ref. 23͒-they are similar to the Zhang-Rice local singlet states which can be derived in the limit of J K ӷt pp and this will be further discussed towards the end of this section. They show a dispersion which is actually quite similar to the dispersion obtained with t-tЈ-J models, 43 and to stress this point we show our results together with the dispersions with ARPES as measured in the highly doped, superconducting compound Bi 2 Sr 2 CaCu 2 O 8ϩ␦ by Dessau et al. 9 in Fig. 5 . These compare quite well, at least assuming that one can rigidly shift the bands under doping. This is of course nonsensical ͑the vacuum is of a completely different nature͒ and we will actually show in the next section that the scattering against the Néel order ͑neglected here͒ gives rise to substantial changes in the form of the dispersion. The real dispersions look more like the dispersion found in insulating samples, and the similarity suggested by Fig. 5 is just accidental. Let us now present the numerical results obtained in the more complete four-band spin-fermion model ͑2.25͒, as derived in Sec. II including also 3d xy and 2p states in the basis set. The additional electronic structure parameters which had to be included are: t xy ϭ0.7 eV-hybridization between 2p and 3d xy orbitals ͓obtained using the relation between the hopping elements for b 1 ) . In this case, the self-consistent calculations involve four oxygen bands which makes the numerical procedure more tedious. One expects that the QP states near the Fermi energy are still primarily determined by the holes of character. In addition, it would be interesting to see whether similar QP structures are formed in the sector, as was the case in NiO. 23 The free oxygen bands in the four-band spinfermion model ͑Fig. 6͒ are qualitatively similar to those found before using only states ͑see Fig. 1͒ . The features are the dispersions along the ⌫ϪX direction even when the second-order corrections to the bands are neglected, and the splitting at the ⌫ point, which originates in the t mn hopping Eq. ͑2.11͒.
In the first instance, one can consider the and sectors ͑see Figs. 7 and 8͒ as being independent. As expected, the spectral functions in the sector ͑Fig. 8͒ are basically those of the free holes, slightly changed ͑''shifted and broadened''͒ by the interactions with the magnons. Only along the ⌫ϪM direction there are more drastic changes due to the relatively strong hole-magnon vertex in this part of the BZ. Surprisingly, however, we find a rather large effect in the sector ͑Fig. 7͒ coming from the presence of the states, despite the nominally small coupling between the two sectors. Although the spectra look similar at high energies to the ones of the only model, it is also seen that the pole strength of the low-energy QP states reduces drastically ͑Fig. 2͒: the QP states are barely recognizable along the ⌫ϪX directions in both and symmetry sectors. This reduction of pole strength might as well be interpreted as a decrease of the binding energy of the Zhang-Rice-like states. The origin of this effect is easy to understand. From Eqs. ͑2.7͒ and ͑2.8͒ it follows that the Kondo couplings are ferromagnetic both in the sector, as in the 3z 2 Ϫ1 channel, while only in the x 2 Ϫy 2 channel the Kondo coupling is antiferromagnetic. The reason is that in the former two channels the Kondo exchange comes from virtual fluctuations into d 8 states involving two different orbitals (x 2 Ϫy 2 , and xy and 3z 2 Ϫ1 in the and 3z 2 Ϫ1 channels, respectively͒. The high spin ͑triplet͒ d 8 states of this kind lie at a lower energy than the singlet states because of Hund's rule, and this ferromagnetic sign is ''transferred'' to the low-energy sector. In the x 2 Ϫy 2 channel, on the other hand, only one orbital is available and the Kondo exchange carries therefore the usual ''kinetic'' antiferromagnetic sign. The latter is more strongly coupled and tends to produce the singletlike bound QP states. However, in the other channels there is also a tendency to form hole-spin bound states, which are however triplet ͑high spin͒ like. Because the free states in the 3z 2 Ϫ1 channel are at high energy, there is little left at low energies in this channel. This is different in the channel. The free dispersion of the lower lying free band follows the x 2 Ϫy 2 -like band closely ͑Fig. 6͒, and the renormalized states already show up at quite low energies. These lowenergy, ferromagnetically correlated states act like ''pairbreakers'' on the singletlike, spin-hole bound states in the x 2 Ϫy 2 channel. The surprise is in the numbers. The coupling between the and channel is quite weak, but this small coupling is nevertheless able to change the outcomes quite substantially. We notice that we also found these ''high spin'' and ''low spin'' bound states in the context of NiO. 23 The main difference with the present case is that J K /t pp is substantially larger in NiO than in cuprates, with the effect that both in the low spin and in the high spin channel the bound states are well developed. Let us now address the precise nature of the low-energy, bound QP states. For this purpose, it is revealing to consider the nature of the ground-state wave function at different momenta, using Eq. ͑2.34͒. Let us first discuss the general nature of the problem. It is characterized by two parameters, J K /W and J/W (W is the bandwidth͒, which can be well compared in this large S context with the electron-phonon coupling constant and the Debye frequency of the analogous lattice polaron problem. The small-polaron limit of the lattice problem is in fact analogous to the Zhang-Rice construction: the Zhang-Rice singlet can be looked at as a bound state of a hole and a local, large amplitude spin wave which is realized in the large J K /W limit. In this limit, the bound object has lost all its free kinetic energy and can only propagate through the lattice assisted by the exchange of the collective excitation. In the spin case, the latter part is described by the t-J model which appears as ''infinitely strongly coupled'' in large S ͑no free kinetic energy͒. Although at the end propagating states are found, these are dressed up with large numbers of magnons, using an analysis equivalent to Eq. ͑2.34͒. 33, 43 This Zhang-Rice singlet/t-J picture is however only accurate in the large J K /W limit. If J K /WϽ1, this strong-coupling picture breaks down and one better thinks in terms of the free states which get shifted and broadened due to the hole-magnon scattering, as one sees happening in the and 3z 2 Ϫ1 channels in large parts of momentum space. In this limit, only a fraction of a magnon is attached to the hole.
In the x 2 Ϫy 2 channel, the problem is obviously well inside the intermediate coupling regime: J K and the free bandwidth ϳt pp are of the same order. The norms N k,i are a sensitive measure for the number of magnons involved in the formation of the bound state, 33, 43 and these are summarized in Table I for nϭ1,2,3 magnons along the high-symmetry directions in the zone for different values of J. On the one hand, we find that N k,i increases with increasing superexchange J in a similar way as in the t-J model. 33, 43 On the other hand, however, for a realistic value of Jϭ0.15 eV, N k,i converges rapidly, much more rapidly than is the case in the tϪJ model, taking ''realistic'' values for t and J. At Jϭ0.15 eV, the one magnon contribution is still substantial but the two and three magnon contributions have already become insignificant: ϳ3% (ϳ0.5%), and ϳ0.5% (ϳ0.03%) for nϭ2 and 3 at the X (M ) point, respectively ͑see Table I͒. These results should be taken as a warning against too literal interpretations of the results derived from the t-J model. As long as bound states are formed, it makes sense to use the t-J model for qualitative purposes. However, it seems impossible to arrive at any quantitative conclusion regarding dispersions, etc., starting from the strong-coupling limit. Of course, one can augment the standard t-J model with other corrections ͑such as ''on sublattice hopping'' tЈ), but since the real ͑spin-fermion͒ model is deep in the intermediate-coupling regime the number of these corrections is bound to proliferate. We notice that all existing approaches, mapping the full problem onto t-J like models, 45, 46 are in a deep sense uncontrollable because they are not able to recover the weak-coupling (J K /WϽ1) limit.
IV. ANTIFERROMAGNETIC SPLITTING IN THE OXYGEN BANDS
In this section we include the AF splitting of the oxygen bands due to the scattering against the Néel order parameter, which was neglected in the numerical analysis presented in Sec. III. Neglecting these splittings is actually quite unreasonable since they amount to the zeroth order in the large S expansion. The only reason to do so was to keep the calculation including the bands tractable. In this section we will neglect the bands and focus on the sector instead. One should keep in mind that the bands might give rise to corrections which are not unimportant in quantitative respects.
The two-band spin-fermion model ͓see Eq. ͑2.4͔͒ including the scattering against the Néel order takes the following form in the S→ϱ limit:
where H TB is the -only model we considered in Sec. III, and
where ϭϮ for ϭ↑,↓, respectively. The new elements lift the spin degeneracy of the oxygen bands. H h AF gives the usual coupling between the k and kϩQ states in the reciprocal space
͑4.3͒
where Qϭ(/2,/2) is the 2D nesting vector, Sϭ 
͑4.4͒ The oxygen subbands are now found from the diagonalization of the free hole Hamiltonian, H h 0 ϩH h J ϩH h AF which leads to the following 4ϫ4 matrix problem, with the usual mixing between the k and kϩQ states for a given spin ,
Using the initial unfolded BZ and expanding up to Gaussian order ͑as in Sec. III͒,
where E (k) (ϭ1,2) are the eigenvalues of ͑4.5͒ in the unfolded BZ ͑see 
͑4.7͒
with case ͑A͒: ͉k x ϩk y ͉Ͻ/2,͉(kϪq) x ϩ(kϪq) y ͉Ͻ/2; case ͑B͒: ͉k x ϩk y ͉Ͼ/2, ͉(kϪq) x ϩ(kϪq) y ͉Ͼ/2; case ͑C͒: ͉k x ϩk y ͉Ͼ/2, ͉(kϪq) x ϩ(kϪq) y ͉Ͻ/2, and case ͑D͒: ͉k x ϩk y ͉Ͻ/2, ͉(kϪq) x ϩ(kϪq) y ͉Ͼ/2. We have introduced in Eq. ͑4.7͒ the following function to describe holemagnon coupling:
͑4.8͒
We emphasize that the leading contribution to the M 2 (k,q) comes from the A (k,0,q,0,0,0) elements, while the remaining terms in Eq. ͑4.7͒ are the AF corrections. The SCBA equations are the same as before, but one has to replace (k) by E (k) in the Green function ͓given by Eq. ͑2.29͔͒, and M (k,q) by M (k,q) in the self-energy ͓Eq. ͑2.30͔͒.
The scattering against the Néel order affects strongly the oxygen bands. To keep the overall bandwidth the same, we have decreased the main pϪd hopping element from t x ϭ1.5 eV ͑Ref. 27͒ to t x ϭ1.3 eV, and adopted the standard Slater-Koster relation for the value of t z ϭt x /ͱ3 ͑see Ref.
28͒. The remaining parameters are the same as in Sec. III. Comparing the free bands including the scattering against the Néel order ͑4.1͒ with those determined previously ͑see Figs. 1͒, one finds a large splitting of 3.8 eV at the X point and along the edge of the AF ͑folded͒ BZ, as presented in Fig. 9 . As a result, the upper band for ͉k x ϩk y ͉Ͼ/2 is less dispersive than in the previous case ͑Fig. 1͒, and is well seperated from the rest of the band structure. Already on the level of the free bands we anticipate and enhancement of the binding energy of the hole-magnon bound states.
The symmetry of the hole-magnon vertex is the same as discussed in Sec. III, and infers that the hole decouples from the spin system at the ⌫ point, because M (k,q)→0 for k→⌫. The narrowness of the upper oxygen band in the AF structure leads to very strong QP states in this region ͓see Figs. 10 and 11 for kϭ(n/8,n/8) with nϭ3,4͔ which are in the present case more strongly bound and the threshold of the spectrum moves from ϳ0.5 to ϳ1.0 eV ͑compare Figs. 2 and 10͒. Another effect of the AF splitting is a considerable change in the shape of the incoherent part of the spectrum. Along the ⌫ϪX direction, the spectral weight is concentrated around the free oxygen bands with maxima at ϳϪ3.5 eV. Moreover, along the ⌫ϪM direction the incoherent states move towards lower energies ͓see Fig. 10 for kϭ(n/8,n/8) with nϭ1,2͔, and as a result one can see a very strong antibound state at the M point ͑dashed line͒, whereas for the upper oxygen band the antibonding states, being so well pronounced at ϳϪ6 eV in the simplified model ͑Fig. 2͒, have disappeared in the present situation.
The AF splitting of the free hole states is also reflected in the density of states for both bands, represented by solid and dashed lines in Fig. 12 . The QP part of the spectrum ͑at the threshold of the density of states in Fig. 12͒ , together with low-energy incoherent part which results from the additional structures accompanying the QP peaks in Fig. 10 in the energy range from ϳϪ1 to ϳ1 eV, is well seperated now ͑compare Figs. 3 and 12͒ from the completely incoherent part of the spectra, starting at energies below ϳϪ1 eV. Moreover, the formation of a narrow antibound state ͑near the M point͒ is also visible in A () for ӍϪ5 eV ͑dashed line in Fig. 12͒ .
The scattering against the Néel background changes the shape of the QP dispersions substantially, compared to the flawed result shown in Fig. 5 . Comparing the present result shown in Fig. 11 , with both the results for the dispersions in the heavily doped samples 9 and the experimental results as found from the insulating Sr 2 CuO 2 Cl 2 , as presented by Wells et al., 21 we find our calculated dispersion to be much closer to the latter case. Especially, we find the large flat piece in the ⌫ϪX direction to be well reproduced. Admittedly, the QP states have here rather low intensity, but could be identified, as shown in Fig. 13 . We note, however, that the ͑11͒ direction (nϭ0,1,2,3,4) for the -like states. Position of the Fermi level, E F and the parameters as in Fig. 7 ͑11͒ direction (nϭ0,1,2,3,4) using the parameters as in Sec. IV and with the E F marked for 7% doping. intensity would increase if the copper component would be calculated as well. The overall agreement is not perfect; especially, the calculation seems to indicate a rather flat maximum of the dispersion which lies a little way from the M point in the ⌫ϪM direction. More importantly, we notice that our calculations reproduce rather accurately the spectral weight of the QP features seen in the experiments by Wells et al. as function of momentum: 21 the largest weights are found around the M point, and the weights of the QP peaks rapidly diminish approaching the ⌫ point ͑see Fig. 11͒ . This reflects the disappearance of the hole-spin coupling at ⌫.
V. SUMMARY
We have presented an exhaustive study of the single-hole spectral function in the oxygen band region of insulating cuprates. Compared to existing studies mainly based on the tϪJ model, our treatment has been more involved because we started with the spin-fermion model. This allowed us to address also the electronic states at higher energies, and in addition we were able to address in an unbiased way the effects of these higher lying states on the low-energy quasiparticle sector. In contrast to the t-J model, the oxygen hole can move either by free and effective hopping processes between the neighboring oxygen orbitals, or via its coupling to the spin excitations ͑magnons͒ in the AF background of Cu spins. The numerical analysis performed within the SCBA demonstrates that the latter processes dominate always at the low-energy scale and lead to the formation of QP states with low dispersion. As in the t-J model, 11 the dispersion is determined by the exchange interaction J, and one may wonder whether the oxygen hopping processes make similar modification of the dispersion in the present case, as the effective next-neighbor hopping in the t-J model. 43 Furthermore, using both the second-order expansion and the limited basis set of orbitals we have amplified the tendency towards the Zhang-Rice ͑ZR͒ localization. But we find it very encouraging that these states have survived at almost unchanged positions within the extended four-band spinfermion model for CuO 2 plane. Of course, the QP states ͑disturbed by holes in t 2g configurations which mix with the e g sector via tЈ pp hoppings͒ are less visible than the ZR singlet with pure e g symmetry, but the present approach is in any case not sufficient to reproduce the intensities of the QP peaks. Therefore, we claim that the two-band model is representative and gives already a realistic description of the electronic states in HTSO's. We find it also very encouraging that our QP band agrees quite well with the dispersion of the singlet pole found in the sophisticated perturbative treatment of the three-band model by Unger and Fulde 22 which captures essentially the same corrections to the bound state dispersion as the present spin-fermion model. On the contrary, in the mean-field slave-boson approach one has to assume an unrealistically large CT energy in order to reproduce a narrow band near E F . 22 Our main conclusions are: ͑i͒ We find reasons to criticize the use of t-J models to consider quantitative aspects of the quasiparticle properties. Especially, favorable comparisons like the one in our Fig. 5 but based on the t-J model, should be regarded as mere accidents. Our main criticism is straightforward and undeniable: in terms of the bare ͑spin-fermion͒ the problem is in the middle of the intermediate-coupling regime, and starting from the strong-coupling ͑Zhang-Rice, t-J) side one is bound to fail in quantitative regards, because of the proliferation of correction terms. This is best illustrated with our main result of Fig. 13 , which does not look like any dispersion derived from a t-J-type model. In addition, we found a surprisingly large effect on the ''singlet'' quasiparticle sector coming from the admixing of the higher lying states. As we explained, this can be rationalized in terms of the ferromagneticlike correlations, characteristic for the low-lying states, which should be quite effective in disturbing the singletlike coherence in the -like QP sector. Unfortunately, we did not manage to include the effects of the bands in a fully realistic manner, and here remains room for further improvements.
͑ii͒ Our calculations force us to conclude that bandlike features should exist at higher energies in the oxygen band region. In fact, we do not find any reason for the cuprates to be different in this regard than NiO, where these ''oxygen band'' features are quite clearly seen experimentally. 47 Furthermore, oxygen band features should have a better chance FIG. 11 . QP states near the Fermi energy ͑indicated by arrows͒ in the spectral functions A (k,) (ϭ1,2) for orbitals, for kϭ(n/8,0) in the ͑10͒ direction and for kϭ(n/8,n/8) in the ͑11͒ direction (nϭ0,1,2,3,4) . The parameters and the value of E F are the same as in Fig. 10 . to survive in the cuprates than in NiO because ͑a͒ the holemagnon couplings are less strong in the cuprates, and ͑b͒ the two-dimensional nature of the cuprates simplifies the experiments. In the first instance, our prediction of strong momentum dependences in the oxygen band region ͑Figs. 7, 8, and 10͒ are based on symmetry: the hole-magnon vertex is strongly momentum dependent. At the ⌫ point the bands become free, and in the neighborhood of the ⌫ point the hole-magnon scattering is rather weak, translating in slightly ''shifted and broadened'' band states. Only in the x 2 Ϫy 2 channel the coupling grows rather large, while in the and 3z 2 Ϫ1 channels the coupling is weak enough that one would expect well defined, lifetime broadened band states of this character to persist in large parts of the BZ. No dispersing features have been seen in the oxygen band region by ARPES. We believe that this relates to a mere experimental problem: the broad humps seen in experiment are likely superpositions of the different band states, obscuring the dispersive nature of the individual bands. We hope that our work will be helpful in guiding future experiments aimed at disentangling the various contributions to the one-hole spectral function.
Altogether, we believe that a closer inspection of the realistic 2D spin-fermion models will resolve several still open questions on the QP nature of the low-energy peaks measured in the ARPES experiments in strongly correlated systems. As the present model deals only with p-type cuprates it would be of great interest to extend it to n-type HTSO with holes removed by doping from Cu orbitals within the CuO 2 planes. We also hope that a future extension to finite temperatures 48 could give valuable information about the thermodynamic properties of the strongly correlated systems.
